In this study, the integrated fixed film activated sludge (IFAS) process was set up to include a high surface area growth support medium, which is granular activated carbon (GAC). This configuration was experimented to evaluate its ability to enhance the biodegradation process, utilizing both suspended growth and attached growth in a manner that can be optimized and aid in the removal of organics and nutrients, when GAC is used as a support material, in addition to providing increased capability to handle variable or shock loads.
Modification of activated sludge process by adding GAC to enable treatment of petrochemical Experimental testing of IFAS reactor under different operating conditions using petrochemical wastewater under batch conditions
Monitoring of physio-chemical and biological parameters as well as biofilm growth.
Calculation of important design parameters and identification of limiting steps

Introduction
Petrochemical and petroleum-based industrial wastewater treatment is a complex process, with demanding environmental management challenges, as by-products can be both volatile and toxic. Issues such as groundwater contamination; removal of aromatics, oil, grease, and organic compounds; and volatile organic compounds control have to be addressed in order to comply with environmental regulations and maintain a good customer image (Tiku, 2005) . Therefore, it is imperative to invest in developing adaptive industrial wastewater treatment technologies to sustain water supply, healthier environments and industrial development (Shamsuddin et al., 2017) . Common pollutants in petrochemical industry discharges are organics, particularly petroleum hydrocarbons (Biswas, 2018; Khan, 2018) . Therefore, wastewater from petrochemical industries often require a combination of treatment methods to remove oil and other contaminants before discharge. In treating such waste waters, many processes have been used based on the variations of activated sludge with tertiary treatment. In addition to the variations in activated sludge process, physiochemical treatment processes are sometimes used (Chang et al., 2005; Rittman and McCarty, 2001; Randall and Sen, 1996; Coelho et al., 2006) , and many other IFAS process combinations have also been proposed (Jianlong et al., 2000; Wang et al., 2004; Bai et al., 2015; Lin and Hsien, 2009; Ma et al., 2009; Khaing et al., 2010) .
IFAS is composed of a solid packing material, on which the biofilm grows, with a void volume allowing a suspended growth process to contribute to the degradation process (Arshadullah et al., 2017; Kumruzzaman et al., 2017) . The advantage of biofilm processes compared to activated sludge process(ASP) is that the anaerobic, anoxic and aerobic zones can be combined at a single stage. IFAS systems allow for the additional bacterial population to exist on a fixed surface, thereby eliminating the need to increase the suspended growth population (Brentwood, 2009 ). According to Brentwood (Brentwood, 2009 ), a group of researchers studied the IFAS process and proved that it has few advantages over the conventional, suspended growth-activated sludge process. This type of processesis capable of handling shock loads and can be easily used to retrofit the existing plants or as a stand-alone process for some industries.
According to Shamsuddin et al. (20017) , a scholar demonstrated that as to compared with the free cell, the immobilized cell has several advantages, like it can increase the biodegradation rate through a higher cell loading, the bioprocess can be controlled more easily, the continuous process can take place at a high dilution rate without washout, and the catalytic stability of biocatalysts as well as tolerance against toxic compounds can be improved (Shamsuddin et al., 2017) .
Additionally, enhanced nitrification and denitrification by using immobilized microbial cells have been reported by Arvidsson et al. (1998) and Garbayo et al. (2002) .
In this study, the IFAS process was modified to include a high surface area growth support medium such as granular activated carbon (GAC). This configuration enhances the biodegradation process, utilizing both suspended growth and attached growth in a manner that can be optimized and aid in the removal of some trace contaminants by adsorption. In addition, it provides increased capability to handle variable or shock loads (Andreottola et al., 2003; Harvey et al., 2011) .
In the light of above, batch laboratory-scale studies were conducted to assess and understand the process behavior and aid in future piloting/upscaling at later phase.
Materials and Methods
The petrochemical wastewater was collected from the first basin at Al-Wafra Industrial Wastewater Treatment Plant, which was primarily treated at the plant. The sample industrial wastewater was collected and utilized in laboratory reactors in all experiments.
The industrial wastewater was utilized at all four sets of experiments, i.e., at batch suspended growth only, batch adsorption on GAC only, batch attached growth on GAC and continuous flow attached growth on GAC. For the attached growth experiments, film thickness and detachment rates in the continuous flow experiments were characterized by microscopic examination. Initially, suspended growth experiments were planned to be conducted in well-stirred controlled containers for a period of 20 to 30 days; however, the observed degradation rates after the first day were more than 95% of the total degradation, and therefore subsequent experiments were conducted for 9 days only. The samples were collected daily.
The physio-chemical parameters analyzed were temperature, pH, dissolved oxygen (DO), BOD, chemical oxygen demand (COD), total suspended solids (TSS), NO , NO , NH , 2 3 3 total nitrogen, total phosphorous and biomass represented by volatile suspended solids (VSS). All the parameters were analyzed following the standard procedure of APHA (2012).
Control samples, in addition to using laboratory-grade reagents and chemicals, were used to ensure results quality and Reliability. Statistical analyses was conducted to identify outliers and to estimate the means and averages, as well as standard deviations.
Adsorption experiments : Each experiment was conducted in well-stirred beakers (jar test apparatus) using a control volume. The experimental setup of each type of three experiments was similar to the jar test in which the known amount of GAC was put in jars or beakers with known amounts of wastewater.
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Journal of Environmental Biology, Special issue, May 2019 treatment plant revealed that petrochemical wastewater BOD, COD, TN, and TP vary between 693 to 505, 1190 to 912, 60 to 79, -1 15 to 8 mg l respectively before and after the primary treatment stage. This research tested the integrated biological film process for the secondary treatment of petrochemical wastewater, therefore, primarily treated wastewater was used. It is important to note that these concentrations vary greatly in each sample and, therefore, the actual used concentrations were reported in each experiment.
Petrochemical industrial wastewater behavior in granular activated carbon:
The main concern in this research was the organic compounds represented by COD and BOD, and the nutrients represented by total nitrogen and total phosphorous. The following results were predominantly focused on these two aspects.Three experiments were conducted to determine the optimal GAC dose, to infer upon adsorption kinetics and to determine adsorption isotherms. The results are described in the following sections.
Optimal granular activated carbon amount:
To determine the optimal GAC amount to be used in a given volume of wastewater, a design experiment was conducted. The experiment ( Fig. 1 ) revealed that the adsorbed amount decreased sharply as GAC amount increased between 150 and 200 g, and then as the GAC amount increased, further increase in the adsorbed amount is minute (Ademiluyi et al., 2009) . Therefore, 200 g of GAC was used for each 1 l wastewater.
Adsorption kinetics:
This experiment was carried out to understand the behavior of contaminants' adsorption in time and to determine the limiting factors to reach equilibrium, if any. Fig. 2 shows that the equilibrium was reached in less than half an hour at the most and that the kinetic process is exponential as confirmed by many researchers (Echenfelder, 1999; LaGregaet al., 2010) . This means the adsorption process kinetics is not the limiting step in the IFAS process and that the contaminants are adsorbed, almost, instantaneously.
Adsorption isotherms:
The adsorption isotherms give the final concentration of the wastewater when a known amount of GAC is added if the initial concentration is known. This process has been described mathematically by many empirical formulae (Metcalf and Eddy, 2014) . Fig. 3 presents the results of the adsorption isotherms using 200 g of GAC in 1 l of primary treated petrochemical wastewater.
It is worth mentioning that the four parameters shown in Fig. 3 are lump sum parameters that are not frequently used in adsorption experiments. However, they were used here in the adsorption isotherms to identify limitations of the process as related to biofilm activity within the pores of GAC and to identify the role of adsorption on the process startup in future flow through runs (Dorado et al., 2012) . Table 1 shows the results of fitting the In the optimal GAC dose experiment, the GAC amount was varied (50, 100, 150, 200, 250, 300, 400 , and 500 g GAC), and the wastewater amount was held constant at 1 l and ample time (1 d) was allowed for equilibrium.
In the adsorption kinetics experiment, the optimal dose of GAC (determined from the previous the experiment to be 200 g of GAC) was mixed with the wastewater sample, and the sample was analyzed in 15, 30, 60, 90, 120, 180 min time intervals.
The adsorption isotherms were determined using the optimal GAC dose (200 g of GAC) while changing the initial wastewater sample concentration and analyzing after equilibrium (1 d was allowed for equilibrium). Experiments were conducted in completely mixed 1 l well stirred beakers.
Fitting of adsorption isotherms was carried out using equations 1 to 3.
Linear
(1)
Where, q is the sorbed mass per unit weight of adsorbent, C is the f final equilibrium solution concentration, and K is the adsorption capacity and a is the Langmuir adsorption constant (Metcalf and Eddy, 2014) .
Batch suspended growth experiments:
In the batch suspended growth experiments, bacterial cultures were acquired from the Al-Wafra industrial wastewater treatment plant, and the industrial wastewater samples were then mixed with cultures in one vessel (1 l beakers). All the parameters were monitored daily. The beakers were stirred using a jar-test apparatus.
Batch attached growth experiments:
In the batch attached growth on GAC experiments, the cultures were allowed to grow on the GAC, and the biological film coverage and homogeneity were observed by microscopic examination. Then, the sample industrial wastewater was added to the 200 g of GAC in 1 l beakers. All the parameters were monitored daily for each beaker including the control flask.
Attached biomass determination: Batch attached growth on GAC experiments (low and high GAC amounts) were conducted and the amount of attached biomass was determined. GAC in each beaker was rinsed with distilled water, and ground in known amounts of distilled water. Then standard procedures for VSS determination (APHA, 2012) was followed (Lu et al., 2013) .
Results and Discussion
An initial sampling from Al-Wafra industrial wastewater adsorption isotherms to the most known three adsorption isotherms shown in eq. 1 to 3 subsequently.
As seen in Table 1 , the R-square values for Langmuir isotherms was higher than those for linear and Freundlich isotherms for total nitrogen and total phosphorous while for COD, a BOD R-square values were similar.
For total nitrogen and total phosphorous, the best fit is the Langmuir isotherm which assumes monolayer coverage (LaGrega et al., 2010) although both fits were not very good, and can be attributed to the lump sum nature of contaminants and high concentrations of petrochemical wastewater. Obviously, BOD did not describe the partitioning (adsorption) of organics onto the GAC very well. However, the superiority of COD fit to three adsorption isotherms was surprising although the best fit was linear isotherm. Therefore, COD was used as the main substrate parameter with a linear partitioning coefficient of 0.0012 which indicates low partitioning onto the solid phase and pose a bioavailability limitation.
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The adsorption experiments suggest that adsorption plays a role during the initial phase of attached growth experiment and this role is positive with respect to priming the reactor and reaching steady state (Dorado et al., 2012) . On the other hand, there is an impact of using GAC as a support medium that could be more pronounced in the nutrient's removal. As nutrients are consumed during the process, desorption may occur.
Priming experimental reactor and biomass growth:
The biomass growth was investigated using primary treated wastewater from the secondary activated sludge units of Al-Wafra Industrial Wastewater Treatment Plant of the characteristics described in Section 3. Air was supplied using air compressor (model Condor MDR2/11 bars from PEAK SCIENTIFIC -1 Company) to maintain DO levels between 2 to 4 mg l in 20 l wastewater containers. VSS in the wastewater and GAC phases was monitored with time for 9 days. The results are shown in Fig. 4 .
As seen in Fig. 4 , the suspended growth phase VSS increased with time in the suspended phase only (control sample) to -1 -1 reach 4.5 g l . When GAC was introduced at low amount (100 g l ),
the suspended phase VSS droped to minimum values while the attached phase biomass increased to reach its highest in 3 days. At -1
higher GAC doses (200 g l ), the same phenomena were observed, except that steady state biomass was achieved in 2 days. The corresponding biomass ratios varied between 0.5 to 5 times attached versus suspended biomass over 9 day duration of the experiments for low GAC case, and between 1 to 7 for high GAC case. Similar values were earlier reported by Wang and Wu (2004) and Yu et al. (2001) . An important observation is that, apparently, the total biomass exceeds the control biomass only during the first day of experiment in high GAC case. This suggests, depending on further experiments, to a fully GAC loaded design upon real life application. On the other hand, the suspended biomass in the control experiments decreased after six days of operation suggesting improved performance of the attached growth process on longer periods of operation. Additionally, the transformation of suspended biomass, in itself, is a benefit as washed microorganisms are reduced compared to suspended growth process such as activated sludge.
In summary, GAC enhanced the biomass greatly and reached its highest values in 2-3 days, inthe present study. This conclusion is the basis for testing biodegradation in the following experiments.
Batch suspended growth:
The main goal of this experiment was to evaluate the ability of indigenous biological cultures to degrade petrochemical wastewater and to estimate the biodegradation parameters or Monod kinetic parameters (Metcalf and Eddy, 2014) . The results of the batch suspended growth experiments are shown in Fig. 5 for BOD and COD and in Fig. 6 for total phosphorous and total nitrogen, respectively.
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Both BOD and COD reached minimum concentrations in 5 days (Fig. 5) , and after that the death of microorganisms raised the BOD and COD concentrations. Seemingly, this is congruent with the nutrients (Fig. 5) , where they are consumed in parallel rates until day 5. VSS followed the BOD and COD concentrations as they are their primary substrate. An important quality indicator -1 is DO, which increased from 2.5 to 3.5 mg l after the experiment.
In an earlier study (Ahmed et al., 2017) , fitting to Monod reaction kinetic equation was conducted to estimate the biodegradation parameters. The fitting resulted in a yield coefficient of 4.59 per day and a decay coefficient of 1.61 per day indicating reasonable activity of the microorganisms, but also a high decay rate that can be attributed to toxicity of wastewater and the limitations posed by nutrients and substrate concentrations (Metcalf and Eddy, 2014) is shown in Fig. 6 . Fig. 6 shows an overall reduction of TP and TN with and initial decrease in both TP and TN, and slightly increased after day 5.
The role of attached and suspended biomass in the nitrification denitrification processes has been investigated by a scholar (Wang and Wu, 2004) . No significant difference was observed between the role two biomass in the nitrification denitrification processes, however, the attached biomass had a stronger ability to resist the nitrification inhibitor (Wang and Wu, 2004) . Similar observations were noted in the present study, but the point to be noted is that the suspended and attached biomass were nearly equal in the study of wang and Wn (2004), however, in this the ratio had reached 14.
Batch attached growth experiments were carried out to evaluate the effects of adding the support media (GAC) to enhance degradation rates and were conducted at varying By comparing the results in Fig. 5 with the results in Figs. 7 and 9, the superiority of adding support media can be seen clearly. In addition, the concentrations of DO were higher in the -1 attached growth case (above 4.5 mg l ) than those in the -1 suspended growth experiment (3.5 mg l ).
Microorganisms in the liquid phase, as well as TN and TP, were reduced greatly in the attached growth experiments. It was also observed that high GAC was more efficient in removing organic compounds, as well as TP and TN. Although this also relates also to the biological activity, it is obvious that the adsorption process may have a contribution. Fig. 4 demonstrates that at steady state, the attached biomass increased 7 times that in the suspended in the liquid phase. During first day most of the degradation took place and the rate of degradation of attached biomass can be safely assumed to be higher than the rate of degradation of suspended biomass.
Confinement of biomass increasingly to the GAC phase does not lead to ignoring the contribution of suspended cells to substrate removal (Chang et al., 2005) . The suspended rate of degradation can still range between 14 and 20% of the overall substrate degradation rate. Similar results have been reported by Yu etal. (2004) where suspended bacteria were reported to be less than 1% of the biomass in a biofilm reactor, yet it transformed up to 30% of the substrate (toluene).
In summary, the integrated film activated sludge process was found to be feasible and promising for testing at a pilot-scale level. Improvements at pilot scale can be improved by improving the size of the reactor, supplying co-substrates, and adjusting the hydraulic and organic loading. These improvements can be assisted by developing a mathematical model. The study concludes that the treatment of petrochemical wastewater, using an integrated fixed film process, is viable despite limitations posed by the toxicity of petrochemical wastewater, limited substrate and nutrients, and low sorption or partitioning onto the solid phase. Most important is that the biofilm development is greatly enhanced by immobilization on the high surface area GAC.
The importance of this research is its addition to few attempts to enhance treatment of petrochemical wastewater using real wastewater samples from an existing industrial wastewater treatment plant. 
